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I. Introduction     
1.1 Background  
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Figure 1.1 Efficiency losses of steam turbine stages due to surface roughness. 
(courtesy of Encotech Inc.) 

Figure 1.2 Power output losses of steam turbine stages due to surface 
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Figure 1.3 Non-dimensional velocity profiles for smooth and rough surfaces. k 
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2.3 Pressure Gradient Effects 
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2.4 Roughness Effects 
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III. Surface Roughness Statistics 
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3.2 Blade Roughness 
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4.1 Roughness Measurement Protocol 
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Figure 4.1 Plates' shape and roughness measurement points. 
4.2 Boundary Layer Measurements  










































































































































































Figure 4.2 Wind tunnel test section. 
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[µm] Staggering Angle β [°] 
Plate 01 7.8 4.2 0, 20, 40 
Plate 02 3.1 4.2 0, 15, 30 
Plate 03 3.1 1.6 0, 15, 30 
Plate 04 10.4 4.2 0, 30, 60 
Table 4.1 Summary of the plates measuring conditions. 
















































































V. Data Analysis 
5.1 Surface Roughness Data 
	 	 









 $' ! 
















5.1.1 Shape/Density Parameter 
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Figure 5.1 MISES output: skin friction coefficient vs. axial direction x. 









































   
 	 













   
 	














































































































   
 
















































	   
 
  	  
	















































































































































































































	  * 
  	













































































































































































































  	 


































































































  	 


























































   
 



















  	 
	
 	
	 	  

 !
 	   













  	 
  

     
 ) 
 	* 




































































































Figure 6.1 Required values of peak feed PF and mean roughness Ra. 
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Figure 6.2 Shape/density parameter for all plates, β = 0° 
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6.3 Boundary Layer Features 
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6.3.2 Tilted Plates 
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Figure 6.3 Non-dimensional velocity profiles at different Re, smooth plate, non-
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Figure 6.7 Non-dimensional velocity profiles at different Re, smooth plate, 
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Figure 6.8 Velocity profiles for different plates (smooth and rough) at Re3, 
incidence angle 7°. 
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Figure 6.10 Velocity profiles for plate 02 at Re2. Effect of the staggering angle. 
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Figure 6.11 Velocity profiles for plate 02 at Re3. Effect of the staggering angle. 
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Figure 6.12 Velocity profiles for plate 02 and plate 03 at Re3, β = 15°. 
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Figure 6.15 Momentum thickness for all plates at Re1: comparison with 













































































































































































Figure 6.16 Momentum thickness for all plates at Re2: comparison with 
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Figure 6.17 Momentum thickness for all plates at Re3: comparison with 
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Figure 6.20 Skin friction coefficient for all plates, Re2. 
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Figure 6.23 Momentum thickness for all plates at Re3: comparison with 
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Figure 6.24 Shape factor for all plates at Re3: comparison with numerical 
results (MISES). Incidence angle 7°. 
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Figure 6.27 Momentum thickness for plate 02, plate 03 and plate 04 at Re3,   
β = 30°. 
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Figure 6.30 Law of the wall for all plates at Re2. 
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Figure 6.34 Law of the wall for all plates at Re3. Incidence angle 7°. 
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Figure 6.35 Law of the wall for plate 02 at Re3. Staggering angle effect. 
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Figure 6.39 Correlation between velocity and roughness height for all plates at 














































































































































Figure 6.40 Correlation between velocity and roughness height for plate 04 at 
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A.1 Amplitude Parameters  
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A.2 Hybrid Parameters  
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